Introduction {#s1}
============

Although adult skeletal muscles are well differentiated into slow- and fast-twitch fibers, they are still able to adapt their phenotype in response to modified functional requests by expressing specific forms or levels of proteins contributing to excitability, E-C coupling, contraction, calcium handling, and energy metabolism [@pone.0033232-Schiaffino1]. Muscle mass is also critically dependent on chronic functional demand. During spaceflight, the absence of gravity is known to affect mainly the postural, "antigravity" muscles and, to a lesser extent, muscles involved in fast movements [@pone.0033232-Fitts1]--[@pone.0033232-Ohira2]. Reduction of muscle mass (atrophy) and alteration of muscle function during spaceflight cause serious medical problems for astronauts upon return to Earth. Indeed, reduced muscle strength and endurance capacity and enhanced muscle fragility may impair postural maintenance and locomotion activity. Also during a long-duration space mission, the alteration of muscle performance may reduce the ability of astronauts to perform specific tasks. There is therefore a critical need for understanding the molecular mechanisms responsible for muscle impairment to identify possible targets for countermeasures.

Previous studies have shown adverse effects on muscle in spaceflown rats [@pone.0033232-Ohira1], [@pone.0033232-Desplanches1] and mice [@pone.0033232-Harrison1]. These changes are qualitatively similar to those observed in humans [@pone.0033232-Edgerton1]--[@pone.0033232-YamashitaGoto1], including atrophy and partial shift of muscle fibers toward a faster, more glycolytic phenotype [@pone.0033232-MoreyHolton1]. All these studies were performed in spacecraft missions not exceeding 5--20 days (American Shuttle and Russian Cosmos). The results of short-term missions showed that the postural soleus muscle undergoes a rapid and large mass reduction of about 30--40% compared to on ground controls. Moreover, exposure to microgravity produces a substantial shift of soleus muscle toward a faster phenotype, with a significant decrease of type 1 and 2A fibers and increase of 2X and 2B fibers, with changes in corresponding myosin heavy chain (MyHC) isoforms [@pone.0033232-Fitts1], [@pone.0033232-Harrison1], [@pone.0033232-Ohira1], [@pone.0033232-Staron1]. These morphological and phenotype transformations are associated to a large rearrangement of the expression of various genes, in particular those related to growth/atrophy and cell stress [@pone.0033232-Allen1], [@pone.0033232-Nikawa1]. To complete our understanding of the mechanisms of muscle atrophy and impairment, it is critical to verify the dependence of these effects on the duration of microgravity exposure. The study of long-term missions is especially relevant in view of future missions directed to the Moon or Mars.

With the MDS payload designed by Alcatel-Alenia Space and the Italian Space Agency (ASI), we had the opportunity to accommodate mice aboard the International Space Station (ISS) for 91 days, which represents the longest space journey of rodents up to now. MDS mission was aimed at investigating the responses of various tissues to the prolonged exposure to microgravity. Moreover, the possible protective action of pleiotrophin (PTN) over-expression in microgravity-induced osteoporosis was investigated by utilizing PTN-over-expressing mice. PTN is a diffusible factor usually liberated from osteoblasts and its over-expression is expected to stimulate the osteoblasts and attenuate osteoporosis development [@pone.0033232-Cancedda1], [@pone.0033232-Masuda1].

An international muscle team from Italy, Germany and Japan, was appointed by ASI to investigate the effects of long-term microgravity on skeletal muscle. We performed a comprehensive study of the adaptation of mouse hindlimb skeletal muscles to long-term exposure to microgravity. Muscles were removed from mice soon (about 3 hours) after return to Earth aboard the shuttle Atlantis and immediately frozen for subsequent morphologic and gene expression analyses.

The study demonstrates the extended sensitivity to microgravity of antigravity soleus muscle after prolonged exposure to spaceflight, while evidencing possible mechanisms of resistance to microgravity-induced atrophy of the fast-twitch extensor digitorum longus (EDL) muscle. Moreover, the results also indicate that IGF-1, interleukin-6, and NOS1 might represent molecular targets for the development of countermeasures.

Materials and Methods {#s2}
=====================

Animals {#s2a}
-------

Wild type male C57BL/10J mice were used for this study. In all phases of the experiment (pre-flight, during the flight and post-flight) handling of animals was in accordance with the principles expressed in the "Guide for the care and the use of laboratory animals" (Office of Science and Health Reports of the USA National Institute of Health, Bethesda, USA). The approval of the MDS experiment was requested and obtained by the American Institutional Animal Care and Use Committee (IACUC protocol n°FLT-09-070 - KSC) as well as by the Ethics Committee of the Animal Facility of the National Institute for Cancer Research (Genoa, Italy) and by the Public Veterinary Health Department of the Italian Ministry of Health (Ministero del Lavoro, della Salute e delle Politiche Sociali prot. n°4347-09/03/2009-DGSA.P.).

The authors of this article were not directly involved in/responsible for designing and/or executing the animal maintenance part of the experiment. Instead they were allowed access to the mice at the end of the flight mission and of the ground control experiments and participated in the specific tissue collection. Additional information about the MDS hardware adopted for housing the animal in space, the animal behavior during the flight and the efforts made to reduce mice pain and suffering during the whole experiment are reported by Cancedda et al. in the companion article "The Mice Drawer System (MDS) Experiment and the Space Endurance Record-Breaking Mice".

MDS spaceflight mission {#s2b}
-----------------------

Three groups of wild-type mice, each composed of three animals, were originally planned for this study: three mice housed on ground for 91 days in normal laboratory cages (LAB); three mice housed on ground for 91 days in MDS payload (Ground); three spaceflight mice housed in MDS payload for 91 days on board ISS (Flight). Moreover, three similar groups of PTN-overexpressing mice were part of the study. However, as PTN effects on skeletal muscle are not yet established, the PTN-overexpressing mice were not included in the present study. The MDS payload developed by Alenia-Space [@pone.0033232-Cancedda1] and the MDS mission characteristics are described in the leading article of this series. Mice were transported to the ISS on board the Shuttle Discovery (NASA mission STS-128) and back to the Earth on board the Shuttle Atlantis (mission STS-129; August--November, 2009). The on-ground experiment was carried out at the Animal Housing Facility of the Advanced Biotechnology Center in Genova. Two wild type mice died on board the ISS for unpredictable episodes (see leading article) so that the analysis was focused on one spaceflown mouse and on the corresponding ground controls. The EDL and soleus muscles of mice killed by carbon dioxide inhalation were excised bilaterally at the Life Sciences Support Facility of Kennedy Space Center within 3 hours after the Shuttle landing.

Morphological analysis {#s2c}
----------------------

Muscles were frozen in liquid nitrogen in a slightly stretched position. Serial cross sections (8-µm thick) were cut in a cryostat microtome set at −24±2°C (Slee Pearson, UK). For the histological analysis, hematoxylin-eosin staining was performed on muscle sections to examine the general morphology. To measure the cross-sectional area (CSA) of individual fibers, muscle cryostat section were stained for laminin, a major component of the basal lamina. Digital photographs were taken of each muscle section and the CSA was automatically measured as the internal laminin-unstained area by the ImageJ 1.45 g (NIH, freeware imaging software). A minimum of 300 fibers per muscle were measured.

Analysis of myonuclei and satellite cells {#s2d}
-----------------------------------------

To count muscle fiber nuclei the cryosections were fixed with 4% paraformaldehyde for 15 min. Blocking was performed using mouse IgG blocking reagent (M.O.M. Vectorlabs) and 10% donkey serum (Sigma, USA) in 0.1 M phosphate-buffered saline (PBS) containing 0.1% triton X-100 for 1 hr. Muscle fibers were stained for laminin by using a specific rabbit polyclonal antibody (Sigma, USA), diluted 1∶100 with 0.1 M PBS containing M.O.M. protein concentrate stock solution and 0.1% triton X-100 over night at 4°C. The secondary antibody, Alexa fluor 488 donkey anti-rabbit IgG antibody (Invitrogen, USA), diluted 1∶200 with 0.1 M PBS containing M.O.M. protein concentrate stock solution and 0.1% triton X-100, was added for 4 h at room temperature in the dark. Finally, fluorescent-labeled muscle sections were mounted on a slide glass by using VECTASHIELD mounting medium with 4′,6-diamidino-2-phenylindole (DAPI, Vector Laboratories, USA) to stain nuclei. Myonuclear number per fiber cross-section was identified by counting nuclei, which were located inside of laminin. Approximately 100 fibers were analyzed in two regions of each muscle sample. A fluorescence microscope (BX50, Olympus, Japan) was used to visualize the stained images.

Immunohistochemical staining for Pax7 was used to identify satellite cells. Staining was performed in a different muscle section by using M.O.M. basic kit (Vector Laboratories, USA) after antigen retrieval. Muscle sections covered with 10 mM sodium citrate buffer were heated once using a microwave and then probed with the primary antibodies (anti-Pax7, R&D Systems, Inc., USA, and anti-laminin, Sigma-Aldrich, USA) after fixation and blocking mouse IgG, as specified above. Alexa Fluor 488 donkey anti-mouse IgG antibody and Alexa Fluor 594 donkey anti-rabbit IgG antibody (Invitrogen, USA) were used as the secondary antibodies. Fluorescent-labeled muscle sections were then mounted on a slide glass by using VECTASHIELD mounting medium with DAPI (Vector Laboratories, USA) to stain nuclei and the fluorescent images were acquired into a computer. Number of Pax7-positive cells, located inside of the laminin layer, per muscle cross-section was counted.

Nitric oxide synthase-1 (NOS1) immunofluorescence analysis {#s2e}
----------------------------------------------------------

Cryosections of cross-sectioned skeletal muscle mounted on super-frosted slides (Thomas) were fixed in 4% paraformaldehyde for 10 min at 4°C and processed for NOS1 immunofluorescence histochemical analysis. Specimens were preincubated with the mouse Ig blocking reagent (M.O.M., Vectorlabs) in order to block endogenous mouse IgG background. We used anti-NOS1 monoclonal (raised against the N-terminal amino acid 2--300, Santa Cruz) and/or polyclonal (Sc 648, Santa Cruz) antibodies together with anti-fast MyHC (Clone My32, Santa Cruz) in double staining experiments. Primary antibodies were visualized by using Alexa 488-conjugated and/or Alexa 555-conjugated affinity-purified goat anti-mouse and anti-rabbit secondary antibodies (Invitrogen). Specimens were analyzed by routine epifluorescence (Zeiss Axioplan) or confocal microscopy (Leica Microsystems, Mannheim, Germany). For NOS1 confocal microscopy analysis, immunofluorescence images were obtained by using a three channel confocal laser scanning microscope (Leica TCS SP-2, Leica Microsystems, Bensheim, Germany), as previously described for NOS1-3 isoforms [@pone.0033232-Rudnick1]. The relative fluorescence intensity of NOS1 immunostained skeletal muscle structures was measured [@pone.0033232-Salanova1]. Briefly, the area pixel intensity of a selected region of interest (ROI) of type 1 or type 2 fiber was measured in digitized confocal image scans and expressed as arbitrary units (a. u.), in the range of 0 to 255 a. u.. At least twenty (n = 20) type 1 and/or type 2 myofibers were selected from each cryosection/muscle sample. Changes of intensity referable to NOS1 were calculated as ratio a.u. of sarcolemmal vs. cytoplasmic immunolocalization. All digitized images were analyzed using the Leica confocal software. For statistical analyses, we used the SigmaPlot Version 9.0 software. The results are given as mean (± SEM). Significance of differences of data was analyzed with Student\'s *t*-test. Differences were regarded to be statistically significant at p\<0.05.

Immunofluorescence fiber typing {#s2f}
-------------------------------

Fiber typing was determined by immunofluorescence using combinations of the following monoclonal antibodies: BA-D5 that recognizes type 1 MyHC isoform; SC-71 for type 2A MyHC isoform; BF-F3, for type 2B MyHC isoform [@pone.0033232-Schiaffino2]. To detect the primary antibodies the following secondary antibodies were used: DyLight405 labeled goat anti mouse IgG, Fcγ 2b subclass specific (115-475-207), to specifically detect BA-D5, DyLight488 labeled goat anti mouse IgG, Fcγ 1 subclass specific (115-485-205), for SC71, and DyLight549 labeled goat anti mouse IgM (115-505-075), used to specifically detect BF-F3. Secondary antibodies were purchased from Jackson Immunoresearch, anti-HA, 16B12, from Covance, USA, and anti-myc, 9E10, from Roche. Pictures were collected with an epifluorescence Leica DM5000 B equipped with a Leica DFC 300 FX camera. Single-color images were merged to obtain a whole muscle reconstruction with Adobe Photoshop CS2 (Adobe Systems Inc.).

SDS-PAGE of muscle extracts {#s2g}
---------------------------

Analysis of MyHC isoforms was performed as previously described [@pone.0033232-DanieliBetto1]. Shortly, small muscle fragments from control and MDS muscles were weighed, ground with a ceramic pestle in liquid nitrogen, and extracted at 2 mg/ml in SDS-PAGE sample buffer (62.5 mM Tris, pH 6.8, 2.3% SDS, 5% 2-mercaptoethanol, 10% glycerol). Forty µg of muscle sample was run on 8% SDS-PAGE slab gels in SDS. MyHC protein bands from whole muscles were revealed by Coomassie brilliant blue staining. MyHC isoform percentage composition was determined by densitometry of gels by using a Bio-Rad Imaging Densitometer (GS-670).

RNA extraction and reverse transcription {#s2h}
----------------------------------------

Total RNA was extracted by using the Qiagen RNeasy Micro Kit. The extracted RNA was eluted in 14 µl RNase-free water, analyzed by capillary electrophoresis (RNA 6000 Pico LabChip, Agilent Technologies) and stored at −80°C until used. Quantification was performed in a 96-well IQ5 Thermal Cycler (Bio-Rad). Due to the low amount of RNA obtained from the small specimens, amplification was necessary and was carried out by the Ovation Pico kit from NuGEN, according to manufacturer\'s indication. The cDNA product was then utilized for the quantitative PCR analysis.

Quantitative PCR {#s2i}
----------------

A panel of genes was considered in the study. To quantitate the expression of the genes diverse RT-PCR techniques were utilized, as indicated in the **[Table S1](#pone.0033232.s005){ref-type="supplementary-material"}** and briefly described below. Transcript levels of Murf-1, atrogin-1, LC3b, cathepsin L, PGC-1a and MRF4 were quantitated by the SYBR Green method. Specific PCR primers (**[Table S1](#pone.0033232.s005){ref-type="supplementary-material"}**) were from Eurofins MWG Operon. The reaction mix consists of 10 µl of 2× iQ SYBR Green Supermix (Bio-Rad), 0.3 pmol/µl primers, 2 ng of cDNA and DNase/RNase-free water up to 20 µl. The PCR parameters were initial denaturation at 95°C for 30 s followed by 40 cycles of 10 s at 95°C and 30 s at the corresponding annealing temperature (55--59°C) for acquisition of fluorescence signal. A melting curve was generated by the iQ5 software following the end of the final cycle for each sample, by continuous monitoring the SYBR Green fluorescence throughout the temperature ramp from 65°C to 99°C in 0.5 s increments. The mRNA expression of the genes of interest in each experimental condition was normalized to the housekeeping genes (cyclophilin A and β-actin).

Transcript levels of stress-related genes, as well as Pax7 and interleukin-6 genes, were quantitated by the SYBR Green method as follows. Synthesized cDNA was applied to real-time reverse transcription-PCR (Thermal Cycler Dice® Real Time System II MRQ, Takara Bio Inc.) using Takara SYBR *Premix Ex Taq*™ II for mRNA, and analyzed with Takara Thermal Cycler Dice® Real Time System Software Ver. 4.00 according to the manufacturer\'s instructions. The real-time cycle conditions were 95°C for 30 s followed by 40 cycles at 95°C for 5 s and at 60°C for 30 s for mRNA. Specificity was confirmed by electrophoretic analysis of the reaction products and by inclusion of template- or reverse transcriptase-free controls. To normalize the amount of total RNA present in each reaction, GAPDH cDNA for mRNA was used as an internal standard. The primers were designed by using the Takara Bio Perfect Real Time Support System (Takara Bio Inc.).

Transcript levels of plasma membrane ion channels and PKC isoforms genes were quantitated by the Taq polymerase method. Real time TaqMan MGB experiments were performed using specific primer and probe sequences designed by ourselves or obtained from Applied Biosystems (**[Table S1](#pone.0033232.s005){ref-type="supplementary-material"}**). To achieve a high level of specificity and to avoid detection of genomic DNA, the probe was designed to span exon-exon junctions for each gene. The PCR was run for 10 min at 95°C for activation enzyme, 45 cycles for 6 s at 95°C for denaturating, and 6 s at 60°C for annealing and extension. Each reaction (25 µl) contained 8 ng of cDNA 1 pmol of each primer, 10 pmol of probe and 12.5 µl of TaqMan Universal PCR Master Mix, No AmpErase UNG. The target gene was tested as internal control, together with the housekeeping gene hypoxanthine guanine phosphoribosyl transferase 1 (HPRT1), as previously described [@pone.0033232-Desaphy1]. Triplicate reactions were carried out in parallel for each individual muscle sample, and the results were compared with a gene-specific standard curve. The HPRT1 gene was used for normalization of target genes signal.

Transcript levels of IGF-1 isoforms were quantitated by the Taq polymerase method, utilizing specific probes (**[Table S1](#pone.0033232.s005){ref-type="supplementary-material"}**) and conditions recommended by Applied Biosystems.

Results {#s3}
=======

Morphometric and immunohistochemical analyses {#s3a}
---------------------------------------------

Morphological analysis showed that prolonged exposure to microgravity did not cause the development of abnormalities or pathological signs in EDL and soleus muscles (**[Fig. S1](#pone.0033232.s001){ref-type="supplementary-material"}**). The absence of centronucleated fibers and lack of significant expression of embryonic MyHC and of the Nav1.5 sodium channel subtype (data not shown), typically expressed in neonatal or denervated muscles but absent from healthy adult muscles [@pone.0033232-Kallen1], argue against degeneration/regeneration events in both soleus and EDL muscles. Satellite cells have been reported to be reduced in number after hindlimb unloading in adult rat muscles [@pone.0033232-Kawano1]--[@pone.0033232-Wang1] but were not counted in previous spaceflight studies. We found that after 91 days in space, the mean number of Pax7-positive satellite cells per cross-section of EDL and soleus muscle, was in the control range, i.e. between ∼20 and 40 (data not shown). Also transcript levels of Pax-7 remained unchanged after space flight (see gene expression below), consistent with the knowledge that skeletal muscle adaptation to inactivity is a physiological response not associated to pathological events. In addition, the number of muscle fiber nuclei was reported to decrease in adult rats following hindlimb unloading [@pone.0033232-Kawano1]--[@pone.0033232-Wang1]. The present study also shows a reduction of the mean number of myonuclei after prolonged exposure to microgravity in soleus muscle (**[Fig. S2](#pone.0033232.s002){ref-type="supplementary-material"}**).

To evaluate the microgravity-induced atrophy, the CSA of EDL and soleus muscle fibers was measured on laminin-stained muscles (**[Fig. S3](#pone.0033232.s003){ref-type="supplementary-material"}**). The data show that EDL muscle fibers do not undergo atrophy in the spaceflown mouse, notwithstanding the long exposure to space microgravity. On the contrary, soleus muscle shows a homogenous reduction of CSA of about 35% ([**Fig. 1**](#pone-0033232-g001){ref-type="fig"}). A similar ∼35% reduction was observed when the muscle fiber CSA was normalized to the body weight (**[Fig. S4](#pone.0033232.s004){ref-type="supplementary-material"}**).

![Muscle fiber size of mice flown on board ISS and ground-based controls.\
Exposure to microgravity for 91 days caused the reduction of the mean cross-sectional area (CSA) of soleus fibers, but not of extensor digitorum longus (EDL) fibers. Laboratory control (L) mice were housed in normal laboratory cages for 91 days (open bars, n = 3, data expressed as means ± SEM). Ground control (G) and spaceflown (F) mice, were housed in MDS (mice drawer system) payload for 91 days on ground (light blue bars; n = 1) and on board the International Space Station (dark blue bars; n = 1), respectively.](pone.0033232.g001){#pone-0033232-g001}

Muscle disuse is known to cause a slow-to-fast phenotype change, particularly in muscles more frequently utilized, like the antigravity soleus, and less evident in phasic muscles, like the fast-twitch EDL. The expression pattern of MyHC isoforms was measured using SDS-PAGE of solubilized muscle fragments ([**Fig. 2A**](#pone-0033232-g002){ref-type="fig"}). The results showed no significant change in MyHC content of the fast-twitch EDL muscle. In contrast, space flown soleus showed a reduction of the slow type 1 MyHC, while the proportion of type 2A and 2B MyHC isoforms increased after spaceflight, suggesting a slow-to-fast transition of soleus muscle ([**Fig. 2B**](#pone-0033232-g002){ref-type="fig"}).

![MyHC isoform composition of muscles from mice flown on board ISS and ground-based controls.\
**A.** Representative SDS-PAGE of myosin heavy chain (MyHC) isoform protein bands from EDL and soleus muscle lysates from ground control mice housed for 91 days in a normal laboratory cage (L) or in the MDS payload (G) and from the spaceflight mouse housed in the MDS payload on board ISS for 91 days (F). **B**. Mean content of MyHC isoform protein bands of laboratory controls housed in laboratory cages (open bars, n = 3, data expressed as means ± SEM), ground control, housed in MDS payload (light blue bars; n = 1), and spaceflight mouse in MDS payload on board ISS for 91 days (blue bars; n = 1).](pone.0033232.g002){#pone-0033232-g002}

To determine the fiber type compositions of EDL and soleus muscles, serial muscle cryosections were stained with monoclonal antibodies specific for type 1 (slow), 2A and 2B MyHC subtype, type 2X fibers were identified by the absence of reactivity with the three antibodies ([**Fig. 3**](#pone-0033232-g003){ref-type="fig"}). The most striking change was the appearance of type 2B fibers in space flown soleus muscle, as well as the reduction of type 1 and 2A fiber size. Quantitative analysis confirmed the fiber type transformation of soleus muscle, with a reduction of pure type 1 and 2A fibers, and an increase in fibers co-expressing type 2A and 2X, and pure 2X and 2B fibers ([**Fig. 4**](#pone-0033232-g004){ref-type="fig"}).

![Fiber typing of muscles flown on board ISS for 91 days and ground-based controls.\
Immunofluorescence fiber type identification by means of monoclonal antibodies specific for the different myosin heavy chain isoforms. The different fiber types were identified as described in [Materials and Methods](#s2){ref-type="sec"}. Note the *de novo* appearance of type 2B fibers. The figure also illustrates the general atrophy of spaceflown soleus muscle fibers, compared to laboratory and ground controls.](pone.0033232.g003){#pone-0033232-g003}

![Fiber type composition of muscles from mice flown on board ISS and ground-based controls.\
Fiber type compositions of EDL and soleus muscles from mice housed in normal laboratory cage (open bars; n = 3, data are expressed as means ± SEM), ground control housed in MDS payload (light blue bars, n = 1), and spaceflight mouse housed in MDS payload (blue bars; n = 1). The prolonged exposure to the microgravity environment caused a slow-to-fast rearrangement of fiber type composition in soleus muscle, but not in EDL.](pone.0033232.g004){#pone-0033232-g004}

To verify whether muscle fiber atrophy might differ between the various fiber types, we measured the CSA of fibers identified according to the MyHC isoform they express ([**Fig. 5**](#pone-0033232-g005){ref-type="fig"}). The number of pure type 1 fibers in EDL and that of pure type 2B fibers in soleus were too low to be included in the analysis. The CSA of fast fibers, both type 2A, 2X and 2B, remained unchanged in spaceflown EDL compared to on-ground controls ([**Fig. 5A**](#pone-0033232-g005){ref-type="fig"}). The analysis of the mean CSA of soleus type 1, 2A, and 2X fibers showed that atrophy developed similarly in all soleus fiber types independently of the MyHC isoform they express ([**Fig. 5B**](#pone-0033232-g005){ref-type="fig"}).

![CSA of different fiber types in muscles from mice flown on board ISS and ground-based controls.\
The CSA was measured in individual fiber types in normal laboratory cage controls (open bars, n = 3, data are expressed as means ± SEM), ground control in MDS payload (light blue bars, n = 1), and spaceflight mouse housed in MDS payload for 91 days on board ISS (blue bars, n = 1). A similar CSA reduction of about 35% was observed in all soleus fibers independently of the fiber type, whereas no changes were evident in EDL fibers.](pone.0033232.g005){#pone-0033232-g005}

In mice, the nitric oxide synthase NOS1 subtype is usually expressed in both type 1 and type 2 muscle fibers, being almost equally localized in the sarcolemma and in the cytoplasm [@pone.0033232-Brenman1], [@pone.0033232-Kobzik1]. To determine whether prolonged exposure to microgravity might affect the distribution of NOS1 in flown muscle fibers, we performed a detailed confocal immunofluorescence analysis. Long term exposure to microgravity determined a substantial change in the ratio of cytosolic to membrane NOS1 staining in soleus muscle but not in EDL ([**Fig. 6**](#pone-0033232-g006){ref-type="fig"}). Laser confocal microscope image analysis clearly showed in fact that in soleus muscle the sarcolemmal staining for NOS1 is almost indistinguishable from the cytosolic one, whereas in flown EDL a clear-cut sarcolemmal localization is evident ([**Fig. 6A**](#pone-0033232-g006){ref-type="fig"}).

![Mislocalization of NOS1 in muscle fibers from mice flown on board ISS.\
**A.** Confocal immunofluorescence analysis of NOS1 localization in soleus and EDL muscle fibers from ground control mouse housed in a normal laboratory cage (LAB) and of the spaceflight mouse housed in the MDS payload (Flight). NOS1 mislocalization was seen in soleus muscle of the spaceflown mice, but not in EDL. **B**. The sarcolemmal (SL) to cytoplasmic localization of nitric oxide synthase-1 (NOS1) isoform was analyzed in soleus muscle fibers of control mice housed in a normal laboratory cage (LAB) or in the MDS payload (Ground) and in mice flown for 91 days on board ISS (Flight). **\***: P\<0.05 vs. Lab and Ground.](pone.0033232.g006){#pone-0033232-g006}

Gene expression analyses {#s3b}
------------------------

To determine adaptation changes of gene expression due to prolonged exposure to microgravity, we used RT-PCR to quantify shifts in mRNA levels of a selected panel of genes involved in muscle atrophy and plasticity. [Results](#s3){ref-type="sec"} from RT-PCR are illustrated in [**Figure 7**](#pone-0033232-g007){ref-type="fig"} (soleus) and [**Figure 8**](#pone-0033232-g008){ref-type="fig"} (EDL), which show the comparison between the spaceflown and LAB mice (column 1) and between Ground and LAB mice (column 2). The comparison between Ground and LAB mice shows that housing in MDS was without major effects on soleus and EDL muscles. One exception is represented by the high level of PERK in Ground soleus compared to LAB, a response that could be due to the more restricted space available in the space housing payload.

![Variations in gene expression in soleus muscle induced by spaceflight.\
Transcript levels were determined by real-time PCR for selected genes, classified on the basis of the functional role of the protein they encode. The numbers on the abscissa indicate the fold change in gene expression normalized for housekeeping gene. The bars in green show the variation between the spaceflown mouse (Flight) and LAB mice, whereas the bars in blue show the variation between Ground and LAB control mice.](pone.0033232.g007){#pone-0033232-g007}

![Variations in gene expression in EDL muscle induced by spaceflight.\
Transcript levels were determined by real-time PCR for selected genes, classified on the basis of the functional role of the protein they encode. The numbers on the abscissa indicate the fold change in gene expression normalized for housekeeping gene. Numbers in the horizontal bars indicate the fold change when out of scale. The bars in green show the variation between the spaceflown mouse (Flight) and LAB mice, whereas the bars in blue show the variation between Ground and LAB control mice.](pone.0033232.g008){#pone-0033232-g008}

We examined the expression of two genes coding for proteins associated with the ubiquitin-proteasome system, MuRF-1 and atrogin-1 (MAFbx), and two genes coding for proteins associated with the autophagy-lysosome system, LC3β and cathepsin-L. Spaceflight dramatically increased the expression of MuRF-1 in both soleus and EDL muscles, while another muscle-specific E3 ubiquitin-ligase, atrogin-1 (MAFbx), was up-regulated only in the EDL muscle. Interestingly, expression of LC3β and cathepsin-L was unmodified both in EDL and soleus. Expression of growth factors, IGF-1 and IL-6, was reduced in soleus muscle, but increased in EDL.

In short term missions, the expression of stress-related heat shock proteins was reduced in rat soleus muscle and unmodified in the fast-twitch plantaris [@pone.0033232-Ishihara1]. Quite surprisingly, the expression of various stress-related markers, including heat shock proteins, was dramatically increased in EDL muscle exposed to the microgravity environment for 91 days, whereas no major changes were observed in soleus muscle ([**Figs. 7**](#pone-0033232-g007){ref-type="fig"} and [**8**](#pone-0033232-g008){ref-type="fig"}).

Disuse atrophy is known to cause down-regulation of PKC α, ε, and θ protein isoforms in both EDL and soleus muscles of hindlimb unloaded rats [@pone.0033232-Pierno1]. [**Figures 7**](#pone-0033232-g007){ref-type="fig"} and [**8**](#pone-0033232-g008){ref-type="fig"} show that the expressions of α, β, and ε PKC genes were increased in spaceflown soleus, whereas variable and less ample changes were observed in EDL.

Regarding ion channel subunits, spaceflight induced an increased expression of ClC-1, Nav1.4, and ATP-sensitive K^+^ channels and a reduced expression of Ca^2+^-activated K^+^ (BK) channels. All these changes were similar to those observed in hindlimb-unloaded rodents and are in agreement with the slow-to-fast shift of soleus muscle phenotype [@pone.0033232-Desaphy2], [@pone.0033232-Pierno2]. Similar, though less ample, effects were found in EDL, suggesting that this fast-twitch muscle may also become faster in actual microgravity.

Discussion {#s4}
==========

Muscle fiber atrophy {#s4a}
--------------------

Following 91 days of long-term exposure to real microgravity in Space, atrophy was evident in soleus muscle, but was absent in EDL muscle. Soleus muscle atrophy might be probably mainly due to activation of ubiquitin-dependent proteasome activation, since MuRF-1 expression was largely increased while no variation in the expression of autophagy-related genes was found. Quite surprisingly, the expression of both ubiquitin ligases, MuRF-1 and also atrogin-1, was dramatically increased in the non-atrophic EDL muscles, suggesting that this muscle may activate protective or compensatory mechanisms. Interestingly, expression of growth factors, IGF-1 and IL-6, was reduced in soleus muscle and increased in EDL muscle, suggesting that growth pathways may be impaired in soleus but not in EDL muscle. Indeed, the expression of atrophy-related genes is negatively modulated by IGF-1, a growth factor involved in several anabolic pathways of skeletal muscle [@pone.0033232-Musar1], [@pone.0033232-Scicchitano1]. Also, the IL-6 gene deletion has been recently shown to blunt muscle hypertrophy [@pone.0033232-Serrano1] and delay recovery of gastrocnemius muscle from hindlimb unloading atrophy, suggesting a protective role of the interleukin in disuse atrophy [@pone.0033232-Washington1]. This might explain fact that a significant CSA reduction is seen only in the soleus but not in the EDL muscle of spaceflown mice. Thus, the up-regulation of IGF-1 and IL-6 in EDL might be a compensatory mechanism that counteracts muscle atrophy and may be considered as good candidates for the development of countermeasures. Accordingly, expression of the eukaryotic translation initiation factor 2 α kinase (aka PERK) was significantly increased in EDL, suggesting an activation of protein synthesis.

In addition, many stress response genes, including heat shock proteins and ER stress-related proteins, were also up-regulated in the EDL muscles of spaceflown mice, pointing to the activation of protective pathways. Interestingly, while heat shock protein expression was shown to be reduced by hindlimb suspension or 9-day spaceflight in atrophic soleus, but not in the non-atrophic plantaris muscle, heat preconditioning has been shown to prevent partially atrophy and slow-to-fast shift in soleus muscles of hindlimb-unloaded rats [@pone.0033232-Ishihara1], [@pone.0033232-Naito1], [@pone.0033232-Takeda1] and the recovery from atrophy was promoted by application of heat [@pone.0033232-Goto1]. Beneficial effects of heat stress on increase in protein content of cultured skeletal muscle L6 [@pone.0033232-Goto2] and C~2~C~12~ cells [@pone.0033232-Ohno1], as well as *in vivo* muscle mass [@pone.0033232-Kobayashi1], were also reported. It was also recently shown that the ERAD molecule Herp, encoded by Herpud1, whose expression is increased in space flown EDL but not soleus, may delay the degradation of cytosolic proteins at the ubiquitination step [@pone.0033232-Miura1]. Thus it is likely that up-regulation of these genes during spaceflight may contribute to the protection of EDL muscle.

Our data show that the prolonged exposure of mice to spaceflight caused a proportional atrophy in type 1, 2A, and 2X fibers of soleus muscle whereas atrophy was absent in all fiber types of EDL muscle. Consistently, Harrison et al. [@pone.0033232-Harrison1] showed that exposure of mice to spaceflight for 11 days mice produced large atrophy of a similar extent in type 1 and 2A soleus fibers, whereas no information is available for EDL, as the muscle was not included in the study. By contrast, in the same study the authors showed that gastrocnemius and plantaris underwent less atrophy than soleus, with type 1 and 2A gastrocnemius fibers more atrophic than 2X and 2B, whereas in plantaris type 2B were much more atrophic than 2A and 2X [@pone.0033232-Harrison1]. In on ground mice Hindlimb unloading (HU) was found to induce 42% reduction of soleus muscle mass and 17% in gastrocnemius [@pone.0033232-Carlson1] with a similar atrophy to type 1 (37--59%) and 2A (46--61%) fibers in soleus [@pone.0033232-Haida1]. Other studies showed that HU causes atrophy of soleus, plantaris, gastrocnemius and tibialis anterior mass without affecting the mass of EDL [@pone.0033232-Criswell1], [@pone.0033232-Stelzer1].

In the rat, short exposure to microgravity resulted in substantial atrophy in postural antigravity muscles, however, atrophy appears to be more marked in type 1 than in type 2A fibers of soleus muscle [@pone.0033232-Ohira1], [@pone.0033232-Staron1], [@pone.0033232-Caiozzo1], [@pone.0033232-Allen2], [@pone.0033232-Hikida1]. Contrasting results are reported for fast muscles. A significant reduction of type 2B fibers size was observed in rat EDL after 10 days of spaceflight [@pone.0033232-Kraemer1], in all fast fibers after 12.5 days spaceflight [@pone.0033232-Desplanches2] and in all but 2X and hybrid 2X/2B fibers after 14 days [@pone.0033232-Schuenke1]. By contrast, it has been reported that 9-day spaceflight caused 32% atrophy on rat soleus but not on EDL [@pone.0033232-Riley1]. Moreover, no atrophy was observed in gastrocnemius and tibialis anterior of rat spaceflown for 14 days [@pone.0033232-Hansen1]. In on ground microgravity experiments, 14-day HU caused atrophy of soleus but not of EDL [@pone.0033232-Stevens1]. Similarly, 14-day HU caused atrophy of soleus but not plantaris [@pone.0033232-Ishihara1], gastrocnemius and tibialis anterior [@pone.0033232-Ohira1]. Again, fiber CSA reduction in soleus after 14-day HU was greater in slow- than in fast-twitch fibers [@pone.0033232-Ohira1]. Altogether these data indicate that muscle atrophy associated to both real and simulated microgravity depends more on whole muscle function than on muscle fiber type. The least used ankle extensors, such as EDL, are barely sensitive to unweighting, whereas the antigravity soleus, usually continuously at work, suffers the most dramatic consequences.

It was reported that growth-associated enlargement of soleus muscle fibers was inhibited by 3-month hindlimb unloading after birth in rats [@pone.0033232-Kawano2]. Such phenomena were closely related to the inhibited increase of satellite cell and myonuclear number. In adult rats, hindlimb unloading caused the reduction of myonuclear number in soleus associated with atrophy [@pone.0033232-Kawano1]--[@pone.0033232-Wang1]. We also observed a trend to the reduction of myonuclei per fiber cross-section after spaceflight. Conversely, no variation of satellite cell number and activation was found in spaceflown mouse soleus muscles, suggesting that the reduction of myonuclei is not compensated by satellite cells-mediated regeneration, and may therefore significantly contribute to muscle fiber atrophy.

In skeletal muscle, expression of the neuronal isoform NOS1 [@pone.0033232-Kobzik1], [@pone.0033232-Nakane1] and its muscle-specific splice variant NOSμ [@pone.0033232-Silvagno1] shows a marked subcellular partitioning. NOS1 is concentrated at the sub-sarcolemmal region in normal skeletal muscle fibers [@pone.0033232-Kobzik1] where it is associated via syntrophin to the dystrophin-glycoprotein (DAG) complex, whereas it is absent from such a membrane location in DAG gene-deleted mutant mice [@pone.0033232-Brenman1]. Mechanical loading vs. unloading has been previously shown to reduce sarcolemmal expression of NOS1 in tail-suspended rats [@pone.0033232-Suzuki1], [@pone.0033232-Tidball1] as well as in bedrest [@pone.0033232-Rudnick1], supporting a predominant role of NOS as a load sensitive biomarker of skeletal muscle activity/inactivity. In addition, a link between NOS/NO signaling and the Foxo/Akt/mTOR pathway has been shown, suggesting that NO signals might contribute to muscle protection against atrophy [@pone.0033232-Suzuki1], even in a fiber-type specific manner [@pone.0033232-Yu1]. In the present study, we demonstrated for the first time that the NOS1 sarcolemma-to-cytosol ratio is substantially changed in the soleus muscle fibers after the prolonged exposure to spaceflight. This is in agreement with the sarcolemma-to-cytosol NOS1 mislocalization observed in ground-based microgravity models [@pone.0033232-Rudnick1], [@pone.0033232-Suzuki1], [@pone.0033232-Tidball1]. Though spaceflight-related changes in synthesis/degradation of NOS1 protein might have been occurred, NOS1 mislocalization might be related to microgravity-induced changes in the sarcolemma membrane scaffold associated with the DGC [@pone.0033232-Brenman1].

Muscle fiber type transition {#s4b}
----------------------------

The short-term exposure to microgravity is known to cause a rapid shift of antigravity soleus muscle toward a faster phenotype, while the already fast-twitch EDL is less responsive [@pone.0033232-Ohira2]. Short-term space missions demonstrated in fact a decrease of type 1 and type 2A fibers in rat soleus muscle and an increase of hybrid fibers [@pone.0033232-Ohira1], [@pone.0033232-Staron1], [@pone.0033232-Allen2]. In contrast, short-term spaceflights had no effect on fiber type composition in fast-twitch muscles [@pone.0033232-Jiang1], [@pone.0033232-Martin1], although a decrease in 2X MyHC isoform has been reported in the EDL muscle of rats flown for 10 days in space [@pone.0033232-Kraemer1]. In mice, exposure for 11 days to the microgravity environment was associated with an increase of the percentage of fibers expressing type 2X and 2B MyHC in slow muscles, without significant changes in fast-twitch muscles [@pone.0033232-Harrison1].

The long-term exposure to microgravity on board ISS substantially confirmed the effects on muscle phenotype observed following short-term missions. Analysis of MyHC proportion and of fiber type composition clearly demonstrated the slow-to-fast shift of soleus muscle during spaceflight. The expression of ion channels subunits was also changed in agreement with the phenotype shift [@pone.0033232-Desaphy2], [@pone.0033232-Pierno2], indicating that the entire fast-gene program may be activated during spaceflight. Although MyHC expression was not changed in the EDL muscle, except for the *de novo* appearance of pure type 2B fibers, the changes in ion channel expression suggested that the fast gene program was up-regulated also in the EDL muscle. PKC activity is known to modulate the function of ion channels and the reduced expression of PKC α, ε, and θ protein isoforms observed in hindlimb suspended rats is suggested to contribute to the slow-to-fast transition [@pone.0033232-Pierno1]. Unexpectedly, after prolonged exposure to microgravity, an overall up-regulation of PKC genes was observed in soleus muscle, and partly in EDL, suggesting possible differences between simulated and actual microgravity, rat and mouse, short- and long-term exposure, or a compensatory mechanism of gene expression increase due to the reduced protein kinase C content. Further experiments are needed to verify the various hypotheses.

Comparison with other missions {#s4c}
------------------------------

The levels of atrophy and phenotype shift observed in mouse soleus after 91 days of space journey appear quite similar to those observed in rodents after short-term mission, suggesting that an equilibrium may be reached already after two weeks of spaceflight. We, however, cannot exclude the possibility that the underlying mechanisms are exactly the same. For instance, we observed no change in atrogin-1 expression after 91-day spaceflight, whereas an up-regulation was observed in mouse soleus after 12 days of spaceflight [@pone.0033232-Allen1], suggesting a transient activation of the ubiquitin-ligase. Following the same reasoning, we found no change in the expression of two autophagy-related genes after 3 months spaceflight, although recent data demonstrated that the autophagy-lysosome and ubiquitin-proteasome systems may be coordinately regulated during muscle wasting [@pone.0033232-Mammucari1], [@pone.0033232-Zhao1]. Yet, autophagy has not been evaluated after short-term spaceflight, and it remains the possibility that autophagy may contribute to the early phases of muscle atrophy, as it does in other muscle disuse conditions [@pone.0033232-Masiero1]. An additional issue that needs further attention is to determine whether recovery from short- and long-term space journeys requires the same time duration, since significant differences were found in recovery periods after short- and long-term hindlimb unloading of rats [@pone.0033232-Desaphy2].

In humans, the prolonged exposure to microgravity for up to 6 months causes a 20% reduction of soleus muscle mass [@pone.0033232-Fitts2], largely less than that observed in rodents (35--40%), possibly because of the exercise countermeasures adopted by astronauts. However, the fairly limited muscle atrophy compared to rodents was associated to a substantial drop of muscle force not expected considering the continuous exercise, suggesting that high-intensity exercise programs [@pone.0033232-Fitts2] and possibly pharmaceutical treatments directed to selected molecular targets are needed.

In conclusion, the present study demonstrates a long-lasting sensitivity to microgravity of antigravity soleus muscle throughout the 91 days space mission, while evidencing possible resistance mechanisms to microgravity-induced atrophy of the fast-twitch EDL muscle. Moreover, the results also indicated that IGF-1, NOS1 and IL-6 might represent molecular targets for the development of countermeasures to prevent muscle wasting conditions on the Earth.

Supporting Information {#s5}
======================

###### 

**Hematoxylin-eosin staining of muscles from mice flown on board ISS and ground-based controls.** Extensor digitorum longus (EDL) and soleus muscle cryosections were stained with hematoxylin-eosin, as indicated in [Materials and Methods](#s2){ref-type="sec"}. No pathological signs, edema, damaged fibers, central nuclei, etc., were evident in all muscles. LAB, mice housed on ground for 91 days in normal laboratory cages; Ground, mice housed on ground for 91 days in MDS (mice drawer system) payload; Flight, spaceflight mice housed in MDS payload for 91 days on board the International Space Station; Cytoplasm inhomogeneity of some samples is attributed to freezing artifacts.

(PDF)

###### 

Click here for additional data file.

###### 

**Myonuclear number in mice flown on board ISS and ground-based controls.** Myonuclei were counted in EDL and soleus muscle cryosections stained with anti-laminin antibodies and DAPI, as described in [Materials and Methods](#s2){ref-type="sec"}. To obtain the actual myonuclei number, the number of satellite cells, identified by Pax7 staining, was subtracted from that of DAPI-positive nuclei inside the laminin staining. Flown soleus muscles show a slightly reduced myonuclear number compared to ground controls. L, mice housed on ground for 91 days in normal laboratory cages (open bars, n = 3, data are expressed as means ± SEM); G, mouse housed on ground for 91 days in the MDS payload (light blue bars); F, spaceflight mouse housed in the MDS payload for 91 days on board ISS (blue bars).

(PDF)

###### 

Click here for additional data file.

###### 

**Laminin staining of muscle fibers of mice flown on board ISS and ground-based controls.** EDL and soleus muscle cryosections were probed with antibodies specific for laminin, as described in [Methods](#s2){ref-type="sec"}. The area inside the laminin staining was utilized to measure muscle fiber CSA. Flown soleus muscle clearly shows a reduced mean cross-sectional area (CSA) compared to on ground controls. L, mice housed on ground for 91 days in normal laboratory cages; G, mouse housed on ground for 91 days in the MDS payload; F, spaceflight mouse housed in the MDS payload for 91 days on board ISS.

(PDF)

###### 

Click here for additional data file.

###### 

**Mean fiber CSA and BW ratio in mice flown on board ISS and ground-based controls.** Ratio between the cross sectional area (CSA) of muscle fibers from EDL and soleus muscles with the body weight (BW) of mice flown for 91 days on board ISS. L, mice housed on ground for 91 days in normal laboratory cages (open bars, n = 3, data are expressed as means ± SEM); G, mouse housed on ground for 91 days in the MDS payload (light blue bars); F, spaceflight mouse housed in the MDS payload for 91 days on board ISS (blue bars).

(PDF)

###### 

Click here for additional data file.

###### 

**Quantitative real-time PCR primers and conditions.** RT-PCR primers and techniques utilized to quantitate the expression of the indicated genes. Transcript levels of genes were quantitated either by SYBR Green or Taq polymerase method. HK genes, housekeeping genes; bp, expected product size; T°, annealing temperature.

(PDF)

###### 

Click here for additional data file.
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